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IntroductionThe North Atlantic is a key region for decadal prediction 
as it has experienced significant multi-decadal variability 
over the observed period. This variability, which is 
thought to be intrinsic to the region, can potentially 
modulate, either by amplifying or mitigating, the 
global warming signal from anthropogenic greenhouse 
emissions. For example, studies suggest that the North 
Atlantic contributed to the recent hiatus period between 
1998 and 2012, by triggering an atmospheric response 
which impacted on the eastern tropical Pacific (e.g. 
McGregor et al., 2014). The subpolar North Atlantic is 
also a major CO2 sink, and therefore of great importance 
for the global carbon cycle (Perez et al., 2013). 
One of the key players in the North Atlantic region is the 
Atlantic Meridional Overturning Circulation (AMOC), 
which is associated with sinking due to deep water 
formation in the Labrador and Nordic Seas. The AMOC is 
the primary control of the poleward heat transport in the 
Atlantic region. Therefore, the AMOC is associated with 
important climate impacts, and plays an active role in 
various feedback mechanisms with, for example, sea ice 
(Mahajan et al., 2011) and the atmospheric circulation 
(Gastineau and Frankignoul, 2012). The AMOC has 
exhibited abrupt variations in the past (e.g. the last glacial 
period, Rahmstorf, 2002) and could experience a major 
slowdown in the future due to the combined effect of 
surface warming and Greenland ice sheet melting on deep 
water formation (Bakker et al., 2016). The possibility 
of such a shutdown has stimulated considerable 
international efforts to observe and reconstruct the 
past AMOC changes. Only by understanding its natural 
variability will we be able to detect and anticipate an 
anthropogenic impact on the AMOC.
Decadal modulations are also found in other large-scale 
modes of climate variability, such as the North Atlantic 
Oscillation (NAO) (Stephenson et al., 2000), the Subpolar 
Gyre strength (SPG) (Häkkinen and Rhines, 2004) and
the Atlantic Multidecadal Variability (AMV) (Enfield et al., 
2001), which have all been linked with widespread climate 
impacts over the surrounding continents. Modelling 
studies suggest that all these modes interact with the 
AMOC (Gastineau and Frankignoul, 2012; Hátún et al., 
2005; Knight et al., 2005) but the exact interrelationships 
are complex and remain to be disentangled. Also to be 
determined are the underlying mechanisms responsible 
for the decadal and centennial AMOC modulations, with 
different climate models showing different key drivers 
(Menary et al., 2015a).  Similarly, the exact impact of the 
natural external forcings (e.g. volcanic aerosols, solar 
irradiance) on the variability of these different large-
scale climate modes still remains unclear. 
A unique opportunity to deepen our understanding
The study of the last millennium climate provides us 
with an ideal framework to investigate natural climate 
variability and associated mechanisms within the North 
Atlantic. It is particularly interesting because it provides 
a long-term context of naturally forced variability which 
is useful (i) to assess whether current or future changes 
in these variables are unprecedented, (ii) to robustly test 
the effects of natural forcings on their variability (e.g. by 
increasing the sample size of major volcanic events), and 
(iii) to better characterise the typical timescales of the 
key variables at play (e.g. AMOC, AMV, SPG). 
The availability of data to undertake these analyses 
is rapidly increasing thanks to joint efforts from the 
modelling and paleoclimate data communities. The 
Paleoclimate Modelling Intercomparison Project (PMIP) 
is now entering its fourth phase, and includes a set of 
coordinated "tier 1" experiments for the last millennium 
(Jungclaus et al., 2016), with all models using, for the first 
time, the same "default" external forcing configuration. 
Additional sensitivity experiments to explore the 
uncertainty in external forcings are also envisaged. 
The ultimate purpose of this exercise is to evaluate
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the skill of models against well-documented climatic 
epochs, in order to reduce the uncertainty for future 
climate projections. Additionally, the OCEAN2K initiative 
within the PAGES2k network has prepared a first sea 
surface temperature (SST) synthesis dataset (McGregor 
et al., 2015), including 29 peer-reviewed and publicly 
available reconstructions from marine-archives in the 
Atlantic ocean, all of them covering, at least partly, the 
last 2000 years. Phase 2 of the OCEAN2K initiative aims 
to advance this field by addressing different topics, 
specifically two working  groups will compile and 
study paleoceanographic reconstructions related to the 
dynamical overturning changes in the North Atlantic, one 
specifically focused on the proxy data, and the other in 
model-data comparisons.
Our current knowledge of the last millennium from 
observations and paleoclimate records
Because of the dynamic and large-scale nature of the 
AMOC, robust observations of its variability require 
extensive (and costly) measurement arrays. The first 
continuous measurements of its strength date back 
to 2004, when the RAPID observing array at 26°N was 
deployed. The first decade of observations exhibits a 
weakening of about 0.5 Sv per year (Smeed et al., 2014). 
An obvious question is whether this decline is linked to 
the effect of global warming or instead reflects natural 
multi-decadal variability. Different approaches have been 
considered to reconstruct the AMOC changes back in 
time and give a longer context to this trend; however, the 
connection of these indirect estimates with the AMOC can 
present important uncertainties, which can contribute 
to conflicting conclusions. For example, Rahmstorf et al. 
(2015) uses AMOC covariances with SSTs to produce an 
AMOC reconstruction for the last millennium (Fig. 1a). 
A drawback of this reconstruction is that it employs a 
gridded surface temperature reconstruction (Mann et 
al., 2008) mostly based on indirect proxy evidence from 
continental areas. This index suggests that the AMOC has 
been weakening since the beginning of the 20th century, 
which Rahmstorf et al (2015) suggest is a consequence of 
Greenland ice sheet melting. A similar centennial trend 
is found in Dima and Lohmann (2010), which uses SST 
observations to make inferences about the large-scale 
circulation. However, other studies based on different 
techniques contradict these results. For instance, two 
independent reconstructions of the ocean circulation 
based on sea level data (McCarthy et al., 2015) and deep 
Labrador Sea densities (Robson et al., 2016) show no 
major long-term trends during the industrial period. 
On longer time-scales, rather than aiming to reconstruct 
the AMOC as a whole, investigation of individual 
surface and deep components of the AMOC may be 
more easily realized. Proxy-based reconstructions of 
the Florida Current transport (Lund et al., 2006) and 
the surface ocean circulation near the North Icelandic 
shelf (Wanamaker et al., 2012) are both suggestive of a 
strengthening of the AMOC during the last two centuries 
(Fig. 1b), following a minimum during the cold interval 
termed the Little Ice Age (LIA). These results are therefore 
also in stark contrast with the Rahmstorf et al. (2015) 
reconstruction. Reconstructions of the vigour of the 
Nordic Seas Overflows (Fig. 1c) show multi-centennial 
changes across the last millennium. Interestingly, there is 
evidence of a potential anti-phase relationship between 
the overflows East and West of Iceland, with the Denmark 
Strait Overflow Water (DSOW) strengthening when the 
Iceland Scotland Overflow Water (ISOW) is weaker, and 
vice versa (Moffa-Sanchez et al. 2015). This configuration 
suggests a constant flow of deep dense waters over the 
Greenland Scotland Ridge through the last millennium. 
If we assume that the AMOC does exhibit significant 
centennial variability, the inferred near-constancy of the 
Nordic Overflows possibly implicates changes in Labrador 
Sea Water formation as a key driver of centennial AMOC 
variability as suggested by Moffa-Sanchez et al. (2014b) 
for the LIA, which would parallel its important role in 
recent decadal changes. 
We turn now our attention to other major contributors to 
North Atlantic climate variability in the last millennium. 
The role of the atmosphere has been invoked to explain 
another important centennial-scale climate event: the 
Medieval Climate Anomaly (MCA). A bi-proxy NAO 
reconstruction (Trouet et al., 2009) shows persistent 
strong positive phases during this period, followed by a 
shift towards more negative phases that could have partly 
contributed to the MCA-LIA transition (Fig. 1d, light 
green line).  However, these remarkable multi-centennial 
changes are less evident in a more recent annually-
resolved reconstruction based on multiple proxy records 
(Fig. 1d, dark green line, Ortega et al., 2015). Of relevance 
for prediction purposes, this recent reconstruction 
suggests that volcanic aerosols can induce positive NAO 
phases peaking 2 years after the eruptions. Mid-sized 
volcanic eruptions can also impact the ocean and act as 
a pacemaker of the intrinsic oceanic variability, as shown 
for two independent proxy reconstructions of the AMV 
and the AMOC-driven changes in the nutrient supply 
North of Iceland (Swingedouw et al., 2015). Likewise, 
decadal climate fluctuations can be associated with, for 
example, the occurrence of Great Salinity Anomalies 
(Belkin et al., 1998). All of these processes (forced and 
unforced) can have different impacts on the variability of 
the major large-scale ocean modes in the North Atlantic. 
Indeed, the available reconstructions highlight prominent 
centennial changes in the AMOC (Fig. 1a), multidecadal 
changes in the AMV (Fig. 1e) and decadal changes in the 
SPG strength (Fig. 1f).  
Disentangling the interplay between these different 
modes of variability and the wider climate system is 
still not possible due to the uncertainties and sparsity 
of current reconstructions. Yet, paleoclimatology is a 
growing field and the spatial distribution and number
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of high-resolution proxy records is continuously 
increasing, especially for the last millennium, which 
should soon allow more reliable reconstructions.  In 
particular, the production of new subdecadally resolved 
marine proxies is necessary to provide first-hand insights 
about the past changes in the ocean. Until now, these 
have been largely inferred from continental records and 
therefore rely on atmospheric teleconnections that are 
still not totally understood. In addition, extending the 
current network of terrestrial records is also important 
to better constrain the concomitant atmospheric changes 
and continental impacts. 
Insights from climate models
Climate models provide a complementary source of 
information for the last millennium, allowing us to 
test different hypotheses, such as the external forcing 
conditions, and their effect on the major climate 
excursions (e.g. MCA, LIA, industrial global warming). 
Their horizontal and vertical resolution, as well as the 
representation of key physical processes (e.g. ocean 
eddies, aerosol-cloud and sea-ice interactions), are 
being continuously improved, offering unique access 
to the complexity of the climate system. One common 
aspect to most atmosphere-ocean general circulation 
models  (AOGCMs) is that they naturally generate decadal 
fluctuations in the North Atlantic under fixed external 
forcing conditions. However, there is considerable 
diversity in the mechanisms that lead to such decadal 
variability. For example, studies with idealized models 
suggest that multi-decadal oscillations (particularly 
linked to the AMV) can emerge in the absence of interactive 
ocean dynamics (Clement et al., 2015; Srivastava and 
DelSole, 2017). More generally, the preferential time-
scale of the internal variability is associated with ocean 
adjustment processes that are strongly model dependent 
(Menary et al., 2015a), suggesting an important sensitivity 
to model biases (Menary et al., 2015b). Encouragingly, 
a multi-model comparison in control simulations (Ba 
et al., 2014) reports reasonable consistency in terms of 
the major interactions in the North Atlantic; 8 out of 10 
models show a close link between AMV and the AMOC 
and most of them exhibit a lagged relationship between 
the SPG changes and those in the AMOC. However, none 
of the models in Ba et al. (2014) appear to support a 
significant relationship between the AMOC and the NAO 
at decadal timescales, a result inconsistent with other 
studies supporting a driving role of the NAO on decadal 
AMOC variability (e.g. Ortega et al., 2011; Mecking et al., 
2014). Ba et al. (2014) also noted that salinity-driven 
density anomalies seem to play a dominant role in North 
Atlantic convection, and therefore, on the AMOC. Yet, the 
salinity contribution might be over-represented due to 
important cold model biases, which could potentially 
compromise the realism of their described inter-
relationships. 
To date, only a limited number of studies have 
systematically assessed the effect of external forcings on 
these modes of climate variability. For example, Gómez-
Navarro and Zorita (2013) found no evidence of coherent 
changes in NAO variability across a large ensemble of last 
millennium AOGCM simulations, suggesting that all NAO 
variability was internally driven. This, however, might be
Figure 1: Last-millennium paleo-climate evidence for the 
North Atlantic: a) Surface temperature-derived AMOC 
reconstruction (Rahmstorf et al., 2015), b) Estimates of the 
Florida current (blue line; Lund et al., 2006) and northward-
flowing surface transport across the North-Icelandic shelf 
(light blue line; Wanamaker et al., 2012), c) sortable silt 
)-derived Denmark Strait Overflow Water (DSOW) and 
Iceland-Scotland Overflow Water (ISOW) flow speed (Moffa-
Sanchez et al., 2015), d) reconstructed NAO evolution (dark 
green line, Trouet et al., 2009; light green lines, Ortega et al., 
2015), e) estimates of AMV (light pink line, Mann et al., 2009; 
dark pink line Gray et al., 2004) and f) SST-derived changes in 
the Subpolar Gyre Strength (Moffa-Sánchez et al., 2014a). All 
panels show anomalous values with respect to the common 
period 1572-1787. All data were decadally smoothed, except 
for the Florida Current record, which is centennially resolved, 
and the NAO and overflow reconstructions, instead smoothed 
at 30 years to better highlight the multi-decadal changes.
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due to well-known limitations in the previous generation 
of AOGCMs (PMIP3 and older), either due to a coarse 
representation of the stratosphere, or to a simplistic 
implementation of the radiative forcings. Indeed, 
the CNRM-CM5 model, which has a highly resolved 
stratosphere, and was not included in the previous 
analysis, shows a consistent strong positive NAO response 
to volcanic eruptions. Volcanic forcing is also found to 
excite an heterogeneous range of responses of both the 
AMOC and AMV, as shown for several last millennium 
simulations in Swingedouw et al. (2017). Thus, in light 
of these large model uncertainties, proxy records provide 
essential information to assess the degree of realism of 
models, and thus identify the most reliable ones.
Combining model and paleoclimate data
There are multiple ways in which model simulations 
and proxy reconstructions can benefit from each other. 
Besides the obvious use of paleoclimate records as a 
reference benchmark for climate models, models can also 
prove extremely useful (i) for the climatic interpretation 
of proxies (e.g., Bakker et al., 2015), (ii) to evaluate the 
validity of different reconstruction techniques (e.g., 
Moreno-Chamarro et al., 2017), and (iii) to guide future 
paleo-oceanographic efforts to new regions and variables 
with relevant climate information. 
The latter point can be addressed with model-derived 
ocean fingerprints (Zhang, 2008), highlighting co-
variability between the large-scale climate modes and 
other more easily observed climate variables. These, 
however, need to be considered with caution, as important 
differences can emerge from the various models, and 
also at different timescales (Muir and Fedorov, 2015). 
In Fig. 2 we explore the potential of ocean fingerprints 
for the identification of suitable proxies to produce 
separate distinct reconstructions of the AMV, AMOC 
and SPG strength. The figure depicts the correlation of 
the simulated SST fields with the large-scale variability 
(AMOC, AMV, SPG) in two 300-yr high-resolution AOGCM 
control experiments with different ocean and atmosphere 
components. All data is decadally smoothed with 10-year 
running means to focus on the multidecadal co-variability. 
Interestingly, despite some apparent differences between 
the models, robust features are also discerned. The impact 
of the AMOC on SSTs is most pronounced when the AMOC 
leads by 6 years, with both simulations showing an area 
of maximum correlations in the eastern SPG, for which 
some SST-sensitive proxy records are available (green 
dots and yellow stars in Fig. 2). By contrast, correlations 
with the AMV show a larger-scale structure that extends 
to the subtropical North Atlantic. Thus, the addition of 
existing proxy records near West Africa and the Brazilian 
coast could help to disentangle AMV variability from that 
of the AMOC. As for the SPG strength, both models exhibit 
a coherent SST dipole between the Gulfstream and the 
Gulf of Saint Lawrence, which could have encouraging 
potential for reconstruction purposes due to the high 
availability of proxy records in both regions.
Although the comparison of the co-variability patterns in 
these two high-resolution models is largely consistent, 
broader multi-model comparisons are still necessary 
to evaluate which fingerprints are robust. Coarser last-
millennium simulations are also required in order to test 
if and how the inclusion of forced centennial variability 
impacts the simulated covariances - we suspect that it 
does, since previous studies with transient simulations 
exhibit a clear "warming hole" SST response to long-term 
forced AMOC changes (Drijfhout et al., 2012; Rahmstorf 
et al., 2015), not present in Fig. 2. The multi-model 
assessment could be extended to other AMOC-sensitive 
climate variables that are well captured by proxies, such 
as sea level height. As an alternative to the use of ocean 
fingerprints, proxies of deep-ocean flow speed, based on 
sortable silt measurements, and δ13C records may also be 
used to infer past changes in the deep ocean circulation. 
Although informative, the interpretation of some of these 
proxies with regards to AMOC is not straightforward, 
carbon-isotope enabled climate models highlight that 
δ13C variability cannot always be interpreted in terms of 
changing AMOC (Bakker et al., 2015; Blaschek et al., 2015). 
Likewise, the link of local flow speed to the largescale 
circulation is not always obvious, and sholud be supported 
through the use of high-resolution climate models, 
and where possible, with related observational data. 
Figure 2: Spatial correlations between a selection of North 
Atlantic climate indices and the SST fields in two 300-yr long 
preindustrial control runs with HadGEM3-GC2 (Ortega et al., 
2016; top) and HiGEM (Shaffrey et al., 2009; bottom). All data 
were low-pass filtered at 10 years to highlight the decadal 
variability. In-phase correlations are shown for the AMV and 
SPG strength indices. For the AMOC index, SSTs are delayed 
by 6 years (the lag with maximum correlations). Significant 
values at the 95% confidence level are highlighted with thick 
grey contours. Yellow stars indicate the location of the SST 
reconstructions compiled by the OCEAN2K community 
(McGregor et al., 2015) and green circles the position of other 
temperature records also available (Risebrobakken et al., 2003; 
Cage and Austin, 2010; Wurtzel et al., 2013; Moffa-Sánchez 
et al., 2014a,b; Hoogakker et al., 2015; Miettinen et al., 2015).
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A final approach to combining model simulations and 
paleoclimate records to better constrain past climate 
evolution is the use of data assimilation techniques. A first 
attempt has been made with a simplified climate model, 
although this showed limited reliability in the North 
Atlantic ocean (Goosse et al., 2010). Recently, the launch 
of a last millennium climate reanalysis (LMR) project 
(Hakim et al., 2016) has fostered research on this topic, 
and will hopefully lead soon to the first AOGCM-based 
reanalysis covering the last millennium, providing key 
information about both externally-forced and internally-
driven changes in the North Atlantic. 
The latest advances by the paleoclimate and modelling 
communities thus present us with a unique opportunity 
to further our understanding of the main processes that 
shaped climate variability in the North Atlantic over 
the last millennium. To this end, exploiting model-data 
synergies will be essential because it will help to improve 
reconstructions, and to identify the most reliable climate 
model simulations.
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